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Pectins are plant polysaccharides that play an important role in cell wall structure and plant physiology. Pectins are known as gelling and stabilising agents that are widely used in food industry (B�M����� 1986; ��� B���� 1991) . The main structural element of pectins is galacturonan a linear polymer of α(1→4) linked, partially methyl esterified �-galacturonic acid. Pectins with more than 50% methyl ester groups are classified as high-methoxyl (HM) and those with less than 50% methyl ester groups as low-methoxyl (LM). Pectins obtained from different sources reveal significant differences in their structural and technological properties. In apple and sugar beet pectins, �-rhamnose residues interrupt the galacturonic acid sequence forming rhamnogalacturonan backbones with attached neutral sugar side chains. Sugar beet pectins are also partially O-acetylated. NMR-based structural analysis of pectins from different sources seems to be important for the use in food technology and the characterisation of industrial scale raw materials.
The preparation of pectin solutions for NMR analysis is difficult. Although pectins are well soluble in water, their solutions are very viscous which complicates the application of NMR solution techniques for their analysis (S������� 1987) . Solid-state 13 C NMR has proven to be a valuable technique in structural and conformational analysis of polysaccharides (C�������� & G��������� 1994; J����� 1994; C������� & T�� 1998; S���� et al. 1990; P���� et al. 1999; Y� et al. 1999; D����� et al. 2001) . Partially, this NMR technique has been applied in the study of the conformation of pectin macromolecule chains in solid and gel states (J����� & A������� 1995; R����� & J����� 1999) .
In a previous work (S������� et al. 1998) , we presented 13 C CP/MAS NMR spectra of citrus, apple, and sugar beet pectins with different structural properties. Such characteristic values as uronic In the solution NMR, the carbon chemical shifts of C-6 are well resolved from each other. Moreover, it has been reported that the C-6 carbon resonances are influenced by next-neighbour effects of both the preceeding and following residues, allowing the determination of the distribution of methyl ester groups in pectin (W��������� et al. 1991; C������ et al. 1998) .
However, some problems and complications occur in the application of 13 C CP/MAS NMR spectroscopy for pectin structure investigation, especially in the case of amidated and highly acetylated pectins. Resonance signals of carboxylic carbons in solid--state spectra are too broad to be resolved from each other. Nevertheless, these signals could be extracted from the whole C-6 resonance mathematically using peak separation methods.
Peak-fitting analysis is widely used in chromatography and infrared spectroscopy of biopolymers including polysaccharides. This mathematical procedure permits to separate the components of the complex spectrum regions and to obtain some qualitative and quantitative information about the sample. We suggest that peak fitting could also be very useful in 13 C CP/MAS NMR spectroscopy of such complex polysaccharides as pectins.
In this work we present a detailed investigation of 13 C CP/MAS NMR spectra of pectin samples, and peakfi�ing analysis of the C-6 region of the spectra.
MATERIAL AND METHODS
Sample preparation and characterisation. The samples of polygalacturonic (pectic) acid, potassium pectate, pectins and their derivatives (Table 1) were used in this work. The procedures of pectin purification and potassium pectate preparation were described in a previous work (S������� et al. 1998) .
Solid state NMR spectroscopy. 13 C CP/MAS NMR spectra of samples were measured using Bruker MSL 200 spectrometer operating at 50.32 MHz (2 ms contact time, recycle delay of 3 s, sweep width of 20 kHz, spinning speed of 4 kHz). All spectra were related to the carbonyl peak of glycine at 176.03 ppm.
Chemical shift calculation. The 13 C carbon chemical shifts were calculated by CS ChemNMR Pro 6.0 software (Upstream Solutions, Switzerland) for model structures (trigalacturonic acid and its (Cambridge Soft Corporation, USA).
Peak-fitting. Decomposition of 13 C CP/MAS NMR spectra in the regions of 190-165 ppm was pursued by Peak Fitting module of Microcal Origin 6.0 software (Microcal Origin, USA). The second derivative algorithm assisted peak-fitting procedure. The results of peak separation were applied to obtain the degrees of methylation (DM), amidation (DAm), and acetylation (DAc) values on the basis of the relative areas of the separated peaks.
Conventional methods. The content of galacturonic acid (GalA) in the pectin samples was measured by photometry with m-hydroxybiphenyl at 520 nm (B����������� & A���-H����� 1973) . This value expressed the total content of uronic carboxylic groups as galacturonic units. The degree of methylation (DM) was determined by photometry with chromotropic acid at 570 nm (F�������� & K������� 1971) . The degree of acetylation (DAc) of samples 6, 7, and 15 was estimated by photometry with hydroxylamine (540 nm) (D���� & P����� 1976) . The DAc values for highly acetylated (>1) samples were obtained by solid state NMR method using the OCOCH 3 resonance as a marker of acetyl groups (S������� et al. 1998) . The degree of amidation (DAm) of amidated pectins was calculated from the results of organic elemental analysis (S������� et al. 2000) . The values of DM, DAm and DAc of pectins were expressed as relative contents of methoxyl (in %), amide (in %) and acetyl (in mol/mol) groups, respectively.
RESULTS AND DISCUSSION
The 13 C CP/MAS NMR spectra of pectin samples are presented in Figure 1 (a-c). The chemical shifts of pectins' carbon resonances are summed up in Table 2 . The resonances at 176-168 ppm have been assigned to C-6 carbons of galacturonic units, while OCOCH 3 carbons of acetyl groups in acetylated samples are also situated in this region. The resonances at ~101 ppm and ~79 ppm arise from glycosidic bond carbons C-1 and C-4, respectively. The peaks at 67-72 ppm come from the other carbons of pyranoid ring (K����� et al. 1985; M��������� & K��� 1986; J����� & A������� 1995; S������� et al. 1998; R����� & J����� 1999) .
The NMR spectra of potassium pectate and potassium pectinates of various DM are shown in Figure 1a . An intense resonance at ~53 ppm (Table 2) represents methyl carbons of the methyl ester COOCH 3 in the spectra of pectinates (K����� et al. 1985; R����� & J����� 1999) . This resonance band increases with subsequent methyl esterification and has been used for the estimation of DM values (S������� 1987; S������� et al. 1998 ).
The NMR spectra of acetylated pectates and pectinates 6-10 in comparison with potassium pectate 1 as the non-substituted structure are demonstrated in Figure 1b . An intense resonance at ~21 ppm represents methyl carbons of the acetyl ester OCOCH 3 in the spectra of acetylated samples (K����� et al. 1985; S������� et al. 1998; R����� & J����� 1999 ). This resonance band increased and slightly shi�ed upfield from 20.2 ppm (acetylated pectate 6, Dac = 0.2) to 21.4 ppm (acetylated pectinic acid 10, Dac = 1.67) with subsequent acetylation (Table 2 ). This band was used for the estimation of DAc values in sugar beet pectins (S������� et al. *obtained by NMR (S������� et al. 1998) 1998). Weak resonance at ~53 ppm was present in the spectra of acetylated pectates 6-8 indicating a small amount of methyl ester groups in these samples. In acetylated pectinates 9-10 this band was much more marked. The resonance peak at 71.8 ppm (C-5 carbons) of potassium pectate 1 shifted upfield and became a non-resolved shoulder of a strong resonance signal at ~69 ppm (C-2, 3 carbons) in pectinates 2-4 and pectinic acid 5 with DM increasing (Figure 2a) . Among all the carbons of pyranoid ring, the C-5 resonance is the most sensitive to methylation. In contrast, acetylation leads to marked changes in the resonance signals of pyranoid ring carbons (R����� & J����� 1999) . The resonances of the glycosidic bond carbons C-1 and C-4 shifted upfield by ~2 ppm in highly acetylated samples 8-10 (Table  2 ). In contrast, the resonance peak at ~69 ppm (C-2, 3 carbons) of potassium pectate 1 shifted downfield and combines with the C-5 resonance into a single maximum at ~71 ppm upon acetylation (samples 7 and 8). In acetylated pectinates 9 and 10, this resonance signal shifted upfield to 70.6 ppm and 69.7 ppm, respectively (Figure 2b ). In addition, a non-resolved upfield shoulder at ~66 ppm also occurred in highly acetylated samples. The positions of the resonance signals in the region of 85-60 ppm were estimated by second derivative algorithm (Figures 2c,d) .
To explain the observed changes in the position of pyranoid ring carbon resonances, we calculated the alterations of chemical shifts in trigalacturonic acid as a result of methylation and (or) acetylation. Trigalacturonic acid and its derivatives were chosen as model compounds representing various forms of galacturonic units in pectins. In Table 3 , we summed up the results of calculation for inner monosaccharide unit -�-GalA-of model trisaccharides. This residue represents internal α(1→4)-linked sugar units predominating in polysaccharide macromolecules. Previously, we observed that the substitution of both terminal GalA units had no significant influence on chemical shifts of pyranoid ring carbons in the internal -�-GalA-unit. The results of the calculations are as follows. Firstly, the methylation at C-6 position of GalA led to upfield shift of the C-5 carbon resonance by 2.5 ppm, whereas chemical shifts of the other pyranoid ring carbons did not change significantly. Secondly, acetylation at C-2 or at C-3 position, i.e. monoacetylation, resulted in downfield shift of the resonance of the C-OH carbons (+3.4 ppm) and in upfield shift of the resonance of the carbons carrying O-acetyl group (-3.3 ppm). Chemical shifts of C-1 or C-4 carbons moved upfield (-3.3 ppm) after monoacetylation of -GalA-at O-2 or O-3 position, respectively. Thirdly, 2,3-diacetylation led to no significant changes of chemical shifts of C-2 and C-3 carbons, while the resonances of both C-1 and C-4 moved upfield (-3.4 ppm). And finally, the effects of methylation and acetylation mentioned above seem to be independent from each other at the first approximation.
Therefore, on the basis of the trends calculated for model compounds (Table 3 ) and the minima of the second derivatives of experimental NMR spectra (Table 4 , Figure 2d ), we may assume that, for acetylated pectin samples 6-10, the shoulder at ~66 ppm originates from non-acetylated C-2,3 carbons of monoacetylated units, whereas the main maximum at 72-70 ppm originates from both acetylated C-2,3 carbons of monoacetylated units and all C-5 carbons. Furthermore, the residual resonance signal at ~68 ppm represents C-2,3 carbons of both non-acetylated and diacetylated units. A slight upfield shift (-1 ppm) of the C-5 carbon resonance for methylated samples 2-5 is also evident (Table 4, Figure 2c ). Finally, the observed upfield shift of C-2,3,5 resonance in highly acetylated pectinates 9 and 10 may be a result of both methylation (the upfield shift of C-5 resonance) and acetylation (prevalence of diacetylated units).
Both C-1 and C-4 carbons take part in the formation of α(1→4) glycosidic bond in the pectin backbone and therefore they are more flexible than the other carbons of pyranoid ring (J����� &A������� (V�����H��� et al. 1981) . Therefore, C-1 and C-4 carbon resonances are sensitive to the conformation at glycosidic bond. In concentrated pectin gels, J����� and A������� (1995) observed a C-1 resonance at ~101 ppm and the C-4 signals at 80-81 ppm for pectins forming 3 1 helices, while 21 helices had their C-4 at ~77 ppm.
For solid pectins, C-1 and C-4 carbon resonances are very broad, complex, and they overlap other signals. The upfield shift (~2 ppm) of both of them as observed for highly acetylated samples 8-10 is in agreement with the calculations and may reflect structural particularity of 2,3-O-diacetylated galacturonic units predominating in these samples.
The region of 190-160 ppm of 13 C CP/MAS NMR spectrum belongs to carboxyl C-6 carbons of galacturonic units that are present as carboxylic acid COOH, carboxylate anion COO -, ester COOCH 3 , or amide CONH 2 form (S������� et al. 1998) . Resonance signals of carboxyl carbons of acetyl groups OCOCH 3 present in sugar beet pectins cannot be resolved due to overlapping by the intense C-6 signal. The COO -resonance (176-175 ppm) is a little shifted downfield in comparison to the other forms that have resonances at 173-170 ppm. All these resonances overlap one another because the shift difference between them is significantly less than the sum of their half widths. Therefore, in most cases, it is impossible to resolve the resonance signals of carboxylic forms. An exception is potassium pectinates 2 and 3 that have two C-6 resonances at ~175 ppm and at ~172 ppm assigned to COO -and COOCH 3 carbons (S������� 1987; S������� et al. 1998) .
The spectral changes at the C-6 region of pectate and pectinates are demonstrated in Figure 3a . The resonance of COO -(~175 ppm) decreases and the resonance of COOCH 3 (172-170 ppm) increases with methylation (R����� & J����� 1999) . The C-6 and OCOCH 3 region of the spectra of potassium pectate 1 and acetylated samples 6-10 is shown in Figure 3b . It was observed that the main resonance signal in this region moved upfield from 175.5 ppm (potassium pectate 1) to 170.3 ppm To decompose the C-6 region of the NMR spectra, we used the multiple mixed Lorentzian-Gaussian (Voigt) functions as fitting model. The Lorentzian function is most often applied to the fitting of NMR spectra, while the Gaussian and other models has been applied, too. However, the Voigt model posseses a more accurate fitting and also provides a more accurate quantitation of NMR spectra than either Lorentzian or Gaussian model (M�������� & A��-K������ 2001) . Peak fittings of a single COO -carbon resonance of potassium pectate 1 Figure 4a . It is evident that, at least for solid pectin samples, a mixed Lorentzian-Gaussian (Voigt) function is a much better model for solid state NMR than Gaussian or Lorentzian functions themselves.
Decomposition of C-6 region permits to estimate the relationship between free ionised and methyl esterified carboxyls in pectinates, between free ionised carboxyls and acetyls in acetylated pectates, and between methyl and acetyl esters in acetylated pectinates (Figure 4b ). In the case of low-substituted samples 2, 3, and 6, the resonance signals of each type of carbons were modelled by a single Voigt component. For highly methylated samples 4 and 5, two Voigt components, centred at 170.4-170.8 ppm and 172.2-172.9 ppm, indicate COOCH 3 carbons. Similarly, for highly acetylated samples 7-10, two Voigt components at ~171.5 ppm and at ~173.5 ppm represent OCOCH 3 carbons of acetyls. As a rule, all ester components were shifted upfield with the increasing degree of the corresponding substitution, and the Voigt component of COOCH 3 (169.5 ppm) was located between the acetyl components (170.7-172.1 ppm and 167.3 ppm).
The resonance signals COO -(∼176 ppm), COOH (∼173 ppm) and COOCH 3 (∼170.5 ppm) carbons were obtained by decomposition of the C-6 region of NMR spectra of pectins 11-15 ( Figure 5 ). The Voight component peak of amidated citrus pectin 13 centred at 172.4 ppm corresponds to CONH 2 carbons. Highly acetylated sugar beet pectin 15 has carbons COOCH 3 and OCOCH 3 of very similar chemical shifts. Peak separation gives Voight The relative contents of methyl ester, amide and acetyl groups were calculated on the basis of the areas of the corresponding Voight components (Table 5). The obtained values of DM, DAm and DAc were in good agreement with the corresponding values of the conventional methods (photometry for DM and DAc, elemental analysis for DAm) including NMR method based on the relative areas of COOCH 3 and OCOCH 3 resonance signals (Table 1) .
CONCLUSION
13 C CP/MAS NMR spectroscopy is a relatively demanding but a very informative method in the analysis of pectins. In spite of the relatively low resolution and sensitivity in comparison to the solution NMR, the solid-state NMR technique may provide important information about the structure of pectins. In addition to the well-known appli- /A C-6 tot. ×100; DAm (%) = A CONH 2 /A C-6 tot. ×100, DAc = A OCOCH 3 /A C-6 tot.
cation of OCH 3 and CH 3 resonances as effective ester and acetyl markers in the solid state NMR, the peak fitting in the C-6 spectral region seems to be a very useful tool for the estimation of the proportions of various C-6 carboxyls and O-acetyls in pectin.
